ABSTRACT: The synthesis of anisotropic redox-active polyoxometalates (POMs) that can switch between multiple states is critical for understanding the mechanism of assembly of structures with a high aspect ratio, as well as for their application in electronic devices. However, a synthetic methodology for the controlled growth of such clusters is lacking. Here we describe a strategy, using the heteroanion-directed assembly, to produce a family of 10 multi-layered, anisotropic POM cages templated by redox-active pyramidal heteroanions with the composition [W 16 
■ INTRODUCTION
Polyoxometalates (POMs) are a unique class of discrete molecular metal-oxides with a diversity of structures and properties. 1−4 Studies of POMs are important for exploring assembly processes at the molecular level, as well as for the development of new redox-active devices. 5−10 As an important subclass, heteropolyoxometalates (HPOMs), generally templated by heteroanions (HAs) with a variety of geometries, have attracted wide attention in recent years owing to their structural diversity and stability, rich electrochemistry, and appealing catalytic activities. 11−13 In particular, the incorporation of pyramidal redox-active HAs into HPOMs not only leads to the discovery of a series of unconventional Dawsontype HPOMs but also allows the facile tuning of redox properties arising from the intramolecular electronic interactions between encapsulated HAs and the metal oxide framework. 14, 15 To date, pyramidal [XO 3 ] 2− HAs have been successfully incorporated into "peanut"-shaped Dawson-like clusters [M 18 O 54 (XO 3 ) n ] 4−/8− (n = 1, 2; X = As, Bi, S, Se, HP, e t c . ) a n d " T r o j a n -h o r s e " -t y p e c l u s t e r s [W 18 O 56 (XO 3 ) 2 (H 2 O) 2 ] 8− (X = S, Se or HP). 9,16−22 The oxidation of redox-active HAs can be coupled with the reversible multielectron transfer to the metal oxide shells of HPOMs, allowing switching of the electronic state, and this has been used to construct a flash memory architecture. 9 As such, it would be of interest to further develop HPOM cages, especially those comprising multiple layers incorporating a number of HAs, beyond {M 30 O 90 } (M = W or Mo) incorporating both pyrophosphate and HPO 3 2− .
23−26
Herein, we present a strategy to produce multilayered cylinder-type HPOMs by introducing reduced Mo as a heterometal, resulting in a family of mixed-metal and mixedvalence (W VI /Mo V ) POM clusters, templated by [XO 3 ] 2− (X = HP, Se, Te) HAs (Scheme 1). This work was inspired by the reduction-driven formation of giant molybdenum blue (MB) clusters, including wheel-shaped {Mo 154 }, {Mo 176 }, blue "lemon" {Mo 368 }, as well as molybdenum brown sphere {Mo 132 } 27−32 and its mixed-metal analogue {W VI 72 Mo V 60 }. 33, 34 All ten compounds 1−11 obtained here exhibit cylinder cagelike frameworks consisting of 2−4 metal layers and 1−3 HAs. Compounds 1−3 share the same two-layered peanut-shaped framework, templated by three types of HAs, respectively. Compounds 4−6 feature unprecedented three-layered cage structures, while 7 and 8 exhibit unique three-layered cages, templated by mixed HAs. Compounds 9 and 10 present fourlayered cage structures and are constructed solely from pyramidal HAs. Compound 11 is the cation-exchanged, TBA salt, derivative of 3 in its fully oxidized state. All compounds were characterized crystallographically, and the formula assignments are supported by an extensive array of analytical techniques (see the Supporting Information).
■ RESULTS AND DISCUSSION

Synthesis of 1−11. [Mo 2 O 4 (H 2 O) 2 ]
2+ was used as a source of reduced Mo in the well-established synthetic reaction for pyramidal HA-templated POM cages (see Experimental S e c t i o n f o r d e t a i l s ) . 3 5 D a r k b l u e c r y s t a l s (C 2 H 8 N) 7 2− is enclosed in the cluster. The heteroatom P, Se or Te is disordered over two positions with half occupancy on each position, which deviates ∼1.61, ∼ 1.50 and ∼1.27 Å from the cluster center, respectively ( Figure 1a) . A similar phenomenon has also been found in the reported {W 18 O 54 (XO 3 ) 2 } (X = Bi, As, etc.) analogues.
17−21
Compound 4 can be regarded as a novel extended peanutshaped cage, by effectively inserting an additional layer of {M 6 O 18 (HPO 3 )} (M = W/Mo) into the middle of compound 1 ( Figure 2 and Figure S1 ). The two [HPO 3 ] 2− HAs, located in the middle and top layers, display an eclipsed arrangement with respect to one another. Interestingly, in contrast to all known cylinder-shaped POM cage clusters, compound 5 and 6 are neither olive-shaped nor peanut-shaped, but an unprecedented bullet-shaped structure with a pointed top and flat bottom ( Figure 2) . Overall, the molecular structures of 5 and 6 can be considered as an integrated cluster built from a {M 15 2− (X = Se, Te) facilitates the assembly of solely bullet-shaped clusters ( Figure 2) .
The successful isolation of a series of three-layered POM cages encouraged us to further extend multilayered clusters. Compound 9 also shows an extended peanut-shaped cage structure but with four belt layers capped by two {M 3 O 6 } triads (Figures 3 and S3) . In this context, the shell of 9 could be regarded as a fusion of lacunary {M 15 23−26 we demonstrate here for the first time that four-layered cages can be constructed from a single type of {XO 3 }, which not only represents a key step toward the versatile synthesis of {XO 3 }-templated multilayered clusters but also realizes our previous hypothesis to build fourlayered HPOMs based on unconventional HAs. 37 C Figure 3 ). 9 The presence of both peanut-shaped and Trojan-horse clusters in 10 indicate the competitive formation of these clusters during the self-assembly. Indeed, Trojan-horse {Se 2 W 18 } was the predominant product after the reaction, and compound 10 can be obtained only after the formation of {Se 2 5− adopting +6 valence. Reduced States of 1−10 and the Critical Role of Reduced Agents during Self-Assembly. All the compounds 1−10 display broad absorption bands at around 550 and 850 nm in the UV−vis−NIR spectra due to heteronuclear charge transitions Mo 5+ → W 6+ (see Figure S5 ). 38 3 } has been reported as a pure tungsten-based cluster, it features only an open cage-like structure with one end free of a cap. 36 It seems that the Determination of the Compositions of 1−11. Because of the similar structural preferences for Mo and W, both atom types can, in principle, occupy the same metal site anywhere on the cluster shells of compounds 1−10. Therefore, it is impossible to determine the exact sites of Mo and the ratio of Mo:W from crystal structure determinations because of mixed-metal disorder. The current ratio of Mo:W presented in the formulas is deduced from ICP-OES analysis, which corresponds to the average composition representing a statistical combination of all possible compositions of W and Mo in the structures, as is evidenced by ESI-MS analysis of 1− 3 (see Figures S6−S8 and Tables S5−S7 for specific  assignments) . 40 In order to further confirm the variable composition of W and Mo in one cluster, the tetrabutylamm o n i u m ( T B A ) -e x c h a n g e d a n d f u l l y o x i d i z e d (C 16 H 36 N) 5 [H 3 TeW VI 16 Mo VI 2 ] (11) was selected for MS and NMR studies. In general, the TBA exchanged cluster analogue gives much better mass spectra from the organic phase than the pristine cluster in water. Additionally, it is difficult to obtain high-resolution NMR spectra for the reduced clusters, and therefore, the nonreduced cluster 11 is a good candidate for NMR study. As seen in the ESI-MS spectrum of compound 11 (Figure S10 ), the intact molecular species were observed in charge states ranging from −4 to −3 with different compositions varying f rom {TeW 1 ) into account, dipole relaxation cannot be explained by only a hopping process of the electrons, but rather suggests charge relaxation from a disproportionated structure to a fully delocalized structure. Indeed, these compounds showed a similar Debye-type relaxation at 50−150 K (Figures 4, S11, and S12). By fitting the Arrhenius equations with temperature and frequency for a peak of ε 2 , activation energies of relaxation were estimated to be 0.13, 0.15, and 0.10 eV for 3, 4, and 6, respectively ( Figure S13 and Tables S9−S11). These values are relatively lower than that expected for proton conduction by crystalline water. 42 Thermal motion by cation also requires higher activation energy than proton hopping. The ε 1 value reached 10 1 −10 2 upon heating to room temperature. Such a large value is indicative of enriched thermal motion of cations and proton conduction. It was deduced that rapid dipole relaxations observed around 50−150 K are due to the mixedvalence system in the multilayered POM cages, demonstrating their potential use for electronic devices.
■ CONCLUSIONS
In summary, we describe the heteroanion-directed and reduction-driven assembly of a series of multilayered POM cages 1−10 templated by 1−3 redox-active pyramidal HAs. Compounds 1−3 share the same two-layered peanut-shaped framework of {W 18 2− led to the formation of three-layered cage structures 4−8 that feature either unprecedented extended peanutshaped or bullet-shaped cage structures, regulated by the HAs. This not only renews and expands the structural library of HPOM clusters but also emphasizes the key role of HAs in the self-assembly. A slight increase in the reaction temperature led to the generation of four-layered clusters 9 and 10, which show four-layered cage structures, but constructed solely from three pyramidal HAs. Control experiments indicated reduced Mo is essential for the self-assembly of multilayered POM cages 4−10, and the presence of reduced Mo V and variable compositions of W and Mo in 1−10 were confirmed by UV− vis−NIR, NMR spectroscopy, and mass spectrometry. Moreover, the ESI-MS and NMR study of the nonreduced 11 further confirmed the variable composition of W and Mo in 1− 10. Finally, the presence of reduced Mo V centers was exploited not only in the assembly of the structures but also in the measurement of the dipole relaxations in the multilayered POM. These relaxation parameters demonstrate their potential use for electronic devices. Future work will look to increase the layer numbers even further with the aim of producing molecules with very large aspect ratios. 
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Article ■ EXPERIMENTAL SECTION Materials and Instrumentation. All reagents and solvents were purchased from commercial sources and used as received. Elemental analyses (Mo, W, Na, P, Se and Te) were performed via ICP-OES. C, H, and N contents were determined by microanalysis using an EA 1110 CHNS, CE-440 Elemental Analyzer. Thermogravimetric analysis was performed on a TA Instruments Q 500 Thermogravimetric Analyzer under nitrogen flow at a typical heating rate of 10°C min −1 . UV−vis−NIR spectra were collected using a SPECORD S600 Analytic Jena spectrophotometer in transmission mode using quartz cuvettes with a 1.0 cm optical path length. Infrared spectra (4000− 400 cm −1 ) of all samples were recorded on a JASCO FTIR-410 spectrometer or a JASCO FT-IR 4100 spectrometer. 125 Te NMR spectroscopy were recorded on a Bruker AVIII 600 MHz spectrometer. All MS data was collected using a Qtrap, time-of-flight MS (Maxis Impact) instrument supplied by Bruker Daltonics Ltd. Temperature-dependent dielectric permittivity was measured using an Agilent E4980A Precision LCR meter.
X-ray Crystal Structure Analysis. Suitable single crystals were selected and mounted by using the MiTeGen MicroMounts kit with Fomblin oil. X-ray diffraction intensity data were measured at 150 (2) 45 Corrections for incident and diffracted beam absorption effects were applied using empirical methods. 46 The X-ray crystallographic data for structures reported in this article have been deposited at the Cambridge Crystallographic Data Centre, under deposition numbers CCDC 1885487−1885496.
The synthesis is based on a reported procedure. 35 Hydrazine monohydrate (64−65%, 840 μL) was added to a suspension of 9.2 g molybdenum trioxide in 320 mL of 4 M HCl. The solution was heated at 60°C for 3 h. Synthesis of (C 2 H 8 N) 7 14.7 mmol) were dissolved in 20 mL of water. Around 2.8 mL of {Mo 2 } was added dropwise under stirring, and the solution pH consequently reached 2.2. The solution was heated with stirring at around 50°C for 30 min. Upon cooling to room temperature, a dark blue powder formed and was removed by filtration. Dark blue block crystals were isolated from the filtrate after a few days. These crystals were collected by soaking the solid using filtered mother liquor to remove further blue powder (Yield: 8.3% based on W). Characteristic IR bands (cm 14.7 mmol) were dissolved in 20 mL of water. {Mo 2 } (2.8−3.4 mL) was added dropwise under stirring, and the solution pH consequently reached 1.3−2.6. The solution was heated with stirring at around 50°C for 30 min. Upon cooling to room temperature, a dark blue powder formed and was removed by filtration. Dark blue block crystals were isolated from the filtrate after 1 week. These crystals were collected by soaking the solid using filtered mother liquor to remove further blue powder (Yield: 22.4% based on W). Characteristic IR bands (cm 7 0 4 ( s ) . E l e m e n t a l a n a l y s i s f o r C 14 14.7 mmol) were dissolved in 20 mL of water. Around 3 mL of {Mo 2 } was added dropwise under stirring, and the solution pH consequently reached 1.9 . The solution was heated with stirring at around 50°C for 30 min. Upon cooling to room temperature, big dark blue block crystals were isolated from the filtrate after 1 week (Yield: 62.5% based on W). Characteristic IR bands (cm 1.2 g, 14. 7 mmol) were dissolved in 40 mL of water. Around 1.6 mL of {Mo 2 } was added dropwise under stirring, and the solution pH consequently reached 3.3. The solution was heated with stirring at around 50°C for 30 min. Upon cooling to room temperature, a dark blue powder formed and was removed by filtration. Dark blue precipitates appeared after a few days and were removed by filtration. Small dark blue star or rod-like crystals were isolated after 3 weeks. These crystals were collected by soaking the solid using filtered mother liquor to remove further blue powder (Yield: 6.3% based on W). Characteristic IR bands (cm 7 mmol) were dissolved in 20 mL of water. Around 1.5 mL of {Mo 2 } was added dropwise under stirring, and consequently the solution pH reached 2.2. The solution was heated with stirring at around 50°C for 30 min. Upon cooling to room temperature, a dark blue powder formed and was removed by filtration. Blue precipitates appeared constantly and were removed by filtration. Small dark blue needle-shaped crystals were isolated from the filtrate after three months. These crystals were collected by soaking the solid using filtered mother liquor to remove further blue powder (Yield: 8.0% based on W). Characteristic IR bands (cm 1.2 g, 14. 7 mmol) were dissolved in 20 mL of water. Around 2.6 mL of {Mo 2 } was added dropwise under stirring, and the solution pH consequently reached 2.0. The solution was heated with stirring at around 50°C for 30 min. Upon cooling to room temperature, a dark blue powder formed and was removed by filtration. Peanut-shaped clusters formed after a few weeks and were removed from the solution by filtration. Blue precipitates appeared constantly afterward and were also removed by filtration. After two months, blue block crystals of 7 were formed and isolated. These crystals were collected by soaking the solid using filtered mother liquor to remove further blue powder (Yield: 13.0% based on P or Se). Characteristic IR bands (cm Upon cooling to room temperature, a dark blue powder formed and was removed by filtration. Peanut-shaped clusters formed after a few weeks and were removed from the solution by filtration. Blue precipitates appeared constantly afterward and were also removed by filtration. Dark blue block crystals were isolated from the filtrate after 6 weeks. These crystals were collected by soaking the solid using filtered mother liquor to remove further blue powder (Yield: 20.0% based on P). Characteristic IR bands (cm 14.7 mmol) were dissolved in 40 mL of water. Around 1.6 mL of {Mo 2 } was added dropwise under stirring, and the solution pH consequently reached 3.2. The solution was heated with stirring at around 65°C for 30 min. Upon cooling to room temperature, a dark blue powder formed and was removed by filtration. Blue precipitates appeared constantly afterward and were also removed by filtration. Dark blue bar-shaped crystals of 9 mixed with 4 were found from the filtrate after two months. Note: Compound 9 is hard to manually separate in pure form from the mixture of 4 and 9 as they look almost the same under the microscope. Therefore, we obtained only the crystal structure of this compound and the formula was deduced based on crystal data and other new HPOMs analogues. First, the number of Mo atoms is assigned as 4 because the 4-layered cluster 10 contains 4 Mo atoms. In the same way, the overall charge is determined to be −16 considering all the Mo centers adopting +5 valence. To balance the charge, 16 protonated dimethyl amines are proposed as the counterions. The amount of crystalline water is deduced based on other multilayered clusters (4−8) because all of them contain ∼15 crystalline waters. Therefore, the formula of 9 is reasonably determined as (C 2 H 8 N) 16 The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021 
